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Introduction 


This  is  the  final  report  for  the  project  that  covers  the  period  December  15,  2004  -  January  14,  2008.  Tuberous 
sclerosis  is  caused  by  mutations  in  the  Tscl  or  Tsc2  gene.  Products  of  these  genes  form  a  complex  that  acts  as  a 
negative  regulator  of  Rheb  GTPase,  an  activator  of  mTOR.  Thus,  one  of  the  major  problems  with  tuberous 
sclerosis  is  that  the  TSC/Rheb/mTOR  signaling  pathway  is  over-activated.  Our  research  is  focused  on 
understanding  how  this  signaling  pathway  is  regulated  and  what  the  consequences  of  alteration  of  this  signaling 
pathway  are.  We  have  accomplished  most  of  the  tasks  described  in  our  Statement  of  Work.  We  have  generated 
mice  with  decreased  Rhebl  expression.  Rheb2  specific  antibody  has  been  raised  and  was  used  to  characterize 
Rheb2.  We  have  characterized  altered  cell  cycle  progression  in  the  Esc- null  MEFs.  We  have  generated  novel 
mTOR  mutants  and  examined  consequences  of  the  activation  of  the  TSC/Rheb/mTOR  signaling. 
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Summary 


Tuberous  sclerosis  is  caused  by  the  loss  of  Tscl/Tsc2  complex  that  acts  as  a  negative  regulator  of  Rheb  GTPase 
[1],  This  results  in  overactivation  of  mTOR  causing  uncontrolled  growth.  The  overall  aim  of  this  grant  was  to 
understand  the  consequences  of  altering  this  signaling  pathway.  During  the  funding  period,  we  have  made  a 
number  of  progresses  including  (i)  generation  of  mice  with  decreased  expression  of  Rheb  1,  (ii)  identification 
and  characterization  of  Rheb2  by  raising  Rheb2  specific  antibody,  (iii)  elucidation  of  how  the  overactivation  of 
the  Tsc/Rheb/mTOR  signaling  results  in  altered  cell  cycle  progression,  (iv)  generation  of  constitutive  active 
mutant  forms  of  mTOR  that  can  bypass  amino  acid  requirement  for  their  activation. 

Detailed  description  of  accomplishments 

Task  1:  To  generate  and  characterize  Rheb-knockout  mice 

To  generate  Rhebl  knockout  mice,  we  have  designed  and  constructed  a  knockout  vector.  This  targeting  vector 
was  designed  to  replace  exon  2  of  the  mouse  Rhebl  gene  with  a  neomycin  phosphotransferase  cassette.  The 
vector  was  used  to  generate  Rhebl  (-/-)  homozygous  embryonic  stem  (ES)  cells.  This  was  confirmed  by 
southern  blot  using  a  3’  genomic  probe.  Rhebl  (+/-)  as  well  as  (- 
/-)  mice  were  then  generated  using  these  ES  cells.  Genomic 
DNA  from  the  tail  of  these  mice  was  analyzed  which 
demonstrated  that  a  fragment  expected  from  the  Rhebl  knockout 
sample  is  detected  (Figure  1). 

To  examine  whether  Rhebl  gene  product  is  missing  in  the 
knockout  mice,  we  evaluated  the  amount  of  Rhebl  message  by 
RT-PCR.  RNA  was  isolated  from  the  +/+  and  -/-  animal  tails, 
reverse  transcribed  to  yield  cDNA  which  was  then  amplified  by 
PCR  using  Rhebl  specific  primers.  Significant  differences  in  the 
amount  of  the  Rhebl  message  were  detected  between  the  +/+  and 
-/-  samples  (Figure  2A).  Northern  blot  was  also  applied  to  compare  the  amount  of  Rhebl  message.  This  was 
carried  out  by  isolating  RNA  from  the  +/+  and  -/-  mice  (tail).  RNA  samples  were  loaded  on  a  gel  and  probed 
with  a  Rhebl  specific  probe.  In  this  experiment,  GAPDH  message  was  used  as  a  loading  control.  As  can  be 
seen  in  Figure  2B,  the  amount  of  Rhebl  message  in  the  sample  from  the  -/-  animal  was  significantly  decreased 
compared  with  that  from  the  +/+  animal.  Although  the  amount  of  Rhebl  message  was  decreased  in  the  -/-  mice, 
it  was  not  completely  missing. 


Further  analysis  suggested  that  the  -/-  mice  we  generated 
contain  insertion  of  the  neo  cassette  rather  than  gene 
replacement  we  set  out  to  accomplish.  This  appears  to  explain 
why  the  Rhebl  message  was  not  completely  missing.  Our 
conclusion  is  based  on  the  analysis  of  the  Rhebl  gene 
alteration  in  the  -/-  mice.  Tail  DNA  samples  from  the  +/+,  +/- 
as  well  as  -/-  mice  were  analyzed  for  the  presence  of  exon  2 
by  PCR.  The  fragment  expected  to  be  obtained  by  the 
amplification  of  exon  2  was  detected  in  the  -/-  as  well  as  in  the 
+/-  mouse  samples.  The  Rhebl-I-  mice  we  generated  did  not  exhibit  growth  defects  or  any  altered  phenotypes. 
Based  on  the  above  observations,  it  is  possible  that  the  small  amount  of  Rhebl  we  detected  was  sufficient  to 
provide  the  function  of  this  protein. 


A  +/+  -/-  B 


Fig.2.  A:  RT-PCR  of  RNA  isolated  from  Rhebl +/+  and 
RhebT7-  mice  tails  using  Rhebl  specific  primers.  B:  RNA 
from  Rhebl +/+  and  Rhebl-/-  mice  tails  were  probed  with 
a  Rhebl  probe  (upper  panel).  Lower  panel  shows  GAPDH 
expression  used  as  a  loading  control. 


12.5kb 


5.5kb 


Rheb  r 


Rheb  1- 


Fig.1 .  Identification  of  Rhebl _/'  mice.  Genomic  DNA 
from  mouse  tails  was  digested  with  Kpn  I  and  probed 
with  a  3’  flanking  probe. 
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To  generate  Rheb  knockout  mice  that  represent  gene  replacement,  we  tried  again.  We  consulted  with  Dr. 
Michele  Musacchio  at  the  University  of  California  Irvine  knockout  mouse  facility.  The  targeting  constructs  for 
Rhebl  and  Rheb2  were  electroporated  into  mouse  ES  cells  and  the  cells  with  correct  chromosomal  replacement 
were  screened  by  Southern  hybridization.  After  extensive  screening  of  ES  cells,  we  failed  to  identify  knockout 
ES  cells  for  either  Rhebl  or  Rheb2. 

Task  2:  To  examine  the  effects  of  Rheb  inhibition  on  tumor  incidence  observed  with  heterozygous  Tsc- 
knockout  mice. 

As  discussed  above,  the  mice  we  generated  were  not  the  ones  carrying  gene  replacement  we  expected  but  were 
most  likely  insertion  of  the  knockout  vector.  Thus,  even  though  there  is  significant  decrease  of  the  expression 
of  Rhebl,  there  is  still  a  residual  level  of  Rhebl.  We  made  decision  at  that  point  not  to  pursue  this  task,  as  the 
results  will  be  ambiguous  and  not  easy  to  interpret.  Instead,  we  decided  to  pursue  experiments  described  in 
Tasks  4-7. 

Task  3:  To  examine  if  Rheb-knockout  mutations  prevent  the  developmental  lethal  phenotype  of 
homozygous  Tsc-knockout  mice. 

We  faced  a  decision  similar  to  that  described  in  Task  2  above.  Again,  we  decided  against  pursuing  this  task,  as 
the  results  obtained  will  not  be  easily  interpreted.  Instead,  we  decided  to  focus  on  experiments  described  in 
Tasks  4-7. 

Task  4:  To  characterize  Rheb2 

We  have  been  successful  in  raising  a  polyclonal  antibody  against  Rheb2 
using  a  14-residue  C-terminal  peptide  spanning  from  amino  acid  167  to 
there  is  no  amino  acid  identity  between  Rhebl  and  Rheb2  within  this 
sequence.  The  antibody  was  prepared  by  Washington  Biotechnology 
(Maryland)  using  two  New  Zealand  rabbits.  The  antibody  was 
affinity  purified  using  Rhebl  column. 

Characterization  of  the  antibody  established  that  the  antibody  is 
specific  to  Rheb2  and  does  not  detect  mouse  Rhebl  (Figure  3). 

Although  Rhebl  antibody  with  improved  potency  has  been  developed 
over  the  years,  this  is  the  only  antibody  that  is  specific  to  Rheb2.  We 
also  found  that  the  antibody  is  specific  to  mouse  Rheb2  protein,  as  it 
does  not  recognize  human  Rheb2  (Figure  3). 

Using  the  Rheb2  antibody,  we  have  characterized  Rheb2.  A  band  of 
Rheb2  was  detected  in  extracts  from  various  mouse  cell  lines 
including  3T3-L1  pre-adipocytes,  L1C2  lung  carcinoma  cells  and 
PC  12  (pheochromocytoma)  cells.  To  examine  tissue  expression  of 
Rheb2,  mouse  tissue  samples  including  brain,  heart,  kidney,  liver, 
testis  and  muscle  were  prepared  and  probed  with  the  Rheb2  antibody. 

We  found  that  Rheb2  is  highly  expressed  in  the  brain.  This  is 
interesting  and  supports  the  idea  that  Rheb2  expression  is  non- 
ubiquitous.  Similar  non-ubiquitous  expression  of  human  Rheb2  was 

recently  reported  [2,3],  Therefore,  while  Rhebl  is  expressed  ubiquitously,  Rheb2  appears  to  exhibit  tissue 
specific  expression. 

Task  5:  To  investigate  the  mechanism  of  regulation  of  cell  cycle  progression  by  the  TSC/Rheb/mTOR 
signaling  pathway 
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Fig. 3.  Specificity  of  anti-mRheb2  antibody. 
Reactivity  of  anti-mRheb2  antibody  against 
a  variety  of  proteins  is  shown  in  the  lower 
panel.  The  upper  panel  shows  reactivity  of 
anti-Rhebl  antibody. 
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Characterization  of  MEFs  derived  from  Tsc-null  mice: 


One  of  the  consequences  of  the  activation  of  the  TSC/Rheb/mTOR  signaling  pathway  is  failure  to  block  cell 
cycle  progression  upon  nutrient  starvation.  On  the  other  hand,  inhibition  of  this  signaling  pathway  results  in 
cell  cycle  block  at  the  G0/G1  phase.  We  have  shown  this  point  by  using  Drosophila  tissue  culture  cell  line  S2 
and  inhibiting  Rheb  expression  by  using  siRNA  against  Rheb  [4],  This  observation  was  further  investigated 
using  MEFs  derived  from  Tsc-null  mice.  These  cells  do  not  respond  to  serum  starvation  and  continue  growing 
even  in  the  absence  of  serum.  In  addition,  growth  inhibition  was  not  observed  even  after  the  cells  reached  high 
density.  Since  cell  cycle  progression  from  G1  to  S  is  regulated  by  the 
activity  of  Cdk2,  we  examined  Cdk2  activity  by  immunoprecipitating  Cdk2 
and  assaying  its  kinase  activity  by  using  histone  HI  as  a  substrate.  As 
shown  in  Figure  4,  Cdk2  activity  remains  high  even  after  serum  starvation 
in  the  Tsc2-nvX\  MEFs.  Similarly,  Cdk2  activity  remains  high  after  the 
Tsc2-m\M  MEF  cells  reached  high  confluency.  This  contrasts  with  Cdk2 
immunoprecipitated  from  the  control  parental  MEFs;  the  level  of  Cdk2  is 
decreased  after  serum  starvation. 

Characterization  of  cell  cycle  proteins 

We  have  examined  the  level  of  cell  cycle  proteins  to  gain  insight  into  the 
mechanism  of  cell  cycle  alteration  in  the  Tsc2-  null  MEF.  We  first  found 
that  the  levels  of  Cdk2  and  Cdk4  are  unchanged  in  the  Tsc2 -nwW  MEF  with 
or  without  serum  starvation.  We  also  did  not  see  change  in  the  level  of  Cdk 
inhibitors,  p27  and  p21 .  On  the  other  hand,  the  level  of  p  16  is  increased.  We  also  found  that  the  level  of  cyclin 
D  is  increased  in  the  Tsc2-mA\  MEF. 

Further  investigation  into  the  Cdk  inhibitor,  p27  revealed  that  there  is  consistent  and  significant  difference  in 
the  nuclear  localization  of  p21  between  the  Tsc2- null  MEF  and  control  MEF.  While  nuclear  translocation  of 
p27  is  observed  after  serum  starvation  in  the  control  MEF,  p27  is  not  detected  in  the  nuclear  fraction  in  the 
Tsc2-\mW  MEF.  To  further  characterize  this  observation,  we  collaborated  with  Dr.  Cheryl  Walker  (MD 
Anderson  Cancer  Center).  We  found  that  the  nuclear  translocation  of  p27  is  dependent  on  its 
phosphorylation  by  AMPK.  In  addition,  this  study  identified  the  sites  of  AMPK  phosphorylation  on  p27. 

Task  6:  To  elucidate  mechanisms  that  result  in  the  activation  of  the  TSC/Rheb/mTOR  signaling  pathway 


Activating  mutations  of  mTOR 


We  have  identified  activating  mutations  of  mTOR.  We 
found  that  changing  leucine  to  proline  at  residue- 1460  of 
mTOR  confers  constitutive  activation  of  this  kinase. 

This  mutation  occurs  within  the  FAT  domain.  Likewise, 
mutating  glutamine  at  residue-2419  to  lysine  confers 
similar  constitutive  activation.  This  mutation  occurs  in 
the  kinase  domain.  Since  mTOR  activity  is  dependent 
on  the  presence  of  nutrients  such  as  amino  acids,  mTOR 
activity  is  low  when  cells  are  amino  acid  starved.  Figure 
5  shows  the  results  obtained  by  examining  phosphorylation  of  S6  as  well  as  by  assaying  kinase  activity  of 
mTOR  immuneprecipitates.  While  transfection  of  the  wild  type  mTOR  did  not  rescue  nutrient  starvation, 
significant  level  of  mTOR  activity  was  detected  when  constitutive  active  mTOR  mutants  were  transfected, 
suggesting  that  these  mutants  confer  amino  acid  independent  growth. 

The  above  mTOR  mutations  were  originally  identified  by  our  work  on  fission  yeast  Tor2.  This  mTOR  homolog 
forms  a  complex  called  TORC1  and  is  responsible  for  growth  and  cell  cycle  regulation  of  fission  yeast.  TORC1 
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Fig. 5.  Cells  (HEK293)  transfected  with  constitutively 
active  mTOR  mutants  exhibit  high  level  of  phospho-S6 
even  after  nutrient  starvation  (Left  panel).  Kinase  activity 
in  vitro  is  also  constitutively  active  (Right  panel). 

o80 

£70 

,260 

550 

tj40 


Tsc2+/+ 


Tsc2-/- 


IP:  CDK2 
IB:  CDK2 


No  Tsc2+/+  Tsc2  /' 
Ab 


Fig.4.  Cdk2  is  constitutively  activated 
in  Tsc-null  MEFs.  Kinase  activity  of  Cdk2 
immunoprecipitated  from  cells  after 
serum  starvation.  The  lower  panel  shows 
that  comparable  amounts  of  Cdk2  were 
recovered. 


requires  Rheb  for  its  function.  A  genetic  screen  was  devised  to  identify  mutant  forms  of  Tor2  that  can  bypass 
dependency  on  Rheb  for  growth,  tn  addition,  another  screen  based  on  mating  inhibition  was  carried  out. 
Twenty  two  different  single  amino  acid  changes  were  identified  that  confer  Rheb  independent  growth. 
Clustering  of  these  mutations  in  two  regions,  one  in  the  FAT  domain  and  the  other  in  the  kinase  domain,  was 
revealed. 

Two  types  of  mTOR  complexes  are  present  in  mammalian  cells;  mTORCl  contains  mTOR,  Raptor  and  mLST8 
and  is  involved  in  growth  control  mediated  by  the  stimulation  of  protein  synthesis,  while  mTORC2  contains 
mTOR,  Rictor  and  mLST8  and  is  responsible  for  the  phosphorylation  of  Akt.  Our  results  showed  that  the 
activating  mTOR  mutations  affect  mTORCl  but  not  mTORC2. 

Characterization  of  mTOR 


We  have  further  characterized  mTOR  mutants.  Presence  of  associated  proteins  was  examined  by 
immunoprecipitating  mTOR.  We  found  that  comparable  levels  of  Raptor,  Rictor  and  mLST8  were  associated 
with  the  constitutively  active  mTOR  compared  with  the  wild  type  protein,  suggesting  that  the  mutations  do  not 
affect  the  overall  structure  of  the  mTOR  complex. 

We  also  found  that  the  activating  mutations  exert  dominant  effects.  Existence  of  mTOR  dimer  was 
demonstrated  by  using  two  different  tags  AU1  and  FLAG.  AU1  -tagged  mTOR  and  FLAG-tagged  mTOR  were 
co-expressed.  Immunoprecipitation  of  AU1  mTOR  showed  that  FLAG-mTOR  also  came  down  in  the 
immuneprecipitates.  We  then  constructed  AU1  tagged  mutant  mTOR  and  co-expressed  it  with  FLAG  tagged 
wild  type  mTOR.  Immunoprecipitation  of  FLAG-tagged  mTOR  showed  that  AUl-mTOR  is  coprecipitated, 
suggesting  that  a  heterodimer  is  formed.  Examination  of  this  heterodimer  showed  that  it  is  active  even  in  the 
presence  of  mutant  mTOR.  We  believe  that  this  observation  is  important,  as  heteroygous  mutations  could  result 
in  constitutive  activation  of  mTOR. 

mTOR  constitutive  active  mutants  are  rapamycin  sensitive 

Another  important  observation  we  made  concerns  rapamycin 
that  is  evaluated  in  clinics  as  anticancer  drugs.  As  shown  in 
Figure  6,  rapamycin  inhibited  constitutively  activated  mTOR. 

In  this  experiment,  the  wild  type  and 

two  different  mutants  of  mTOR  were  transfected  into  cells.  The 
cells  were  nutrient  starved  and  then  treated  with  rapamycin. 

Phosphorylation  level  of  S6  was  examined  to  assess  the  activity 
of  mTOR.  The  results  suggest  that  the  activity  of  the  mutant 
mTOR  can  still  be  inhibited  by  rapamycin. 

Task  7:  To  examine  consequences  of  activation  of  the 
TSC/Rheb/mTOR  signaling  pathway  on  mammalian  cell 
growth. 

To  generate  stable  cell  lines  expressing  constitutive  active  mTOR  (E2419K),  we  first  transfected  HEK293  cells 
with  mTOR  constructs  and  selected  for  cells  that  expressed  mutant  mTOR.  Stable  transformants  expressing 
mTORE2419K  were  obtained  together  with  control  transformants  (vector  control).  This  set  was  used  to 
examine  the  consequences  of  mTOR  activation. 

We  first  confirmed  that  the  TSC/Rheb/mTOR  signaling  is  constitutively  activated.  This  was  shown  by 
subjecting  cells  to  amino  acid  starvation  and  examining  phosphorylation  of  S6K  and  S6  using  antibodies 
specific  for  phosphorylated  forms  of  these  proteins.  Phosphorylated  forms  were  identified  with  the  stable 
transformants  expressing  the  mTOR  mutant,  while  the  levels  of  phospho-S6K  and  S6  were  decreased  by  amino 
acid  starvation  with  the  control  transformants.  We  have  examined  stress  sensitivity  of  the  transformants.  We 


+  Rapamycin  (ioo  nM) 


phospho-S6 
(Thr  235/236) 


-  total-S6 


Fig. 6.  The  wild  type  as  well  as  mutant  mTOR 
activities  were  inhibited  were  rapamycin. 
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found  that  the  stable  transformants  expressing  mTOR  mutant  exhibit  resistance  to  hydrogen  peroxide,  while  the 
control  cells  are  sensitive.  In  contrast,  both  the  mTOR  mutant  transformants  and  the  control  transformants  were 
sensitive  to  sorbitol.  Another  observation  we  made  is  that  both  these  transformants  are  sensitive  to  rapamycin. 
Thus,  the  stable  transformants  we  generated  provide  a  valuable  reagent  to  assess  the  consequences  of  activation 
of  the  TSC/Rheb/mTOR  signaling. 

Key  Research  Accomplishments 

(1)  We  generated  mice  with  decreased  expression  of  Rhebl. 

(2)  We  generated  polyclonal  antibody  specific  to  mouse  Rheb2. 

(3)  We  examined  tissue  expression  of  Rheb2,  and  found  that  the  expression  was  not  ubiquitous.  This  is 
different  from  the  expression  profile  of  Rhebl. 

(4)  We  found  that  the  activation  of  the  TSC/Rheb/mTOR  signaling  leads  to  constitutive  activation  of  Cdk2,  a 
key  cell  cycle  protein  functioning  at  the  Gl/S  phase  boundary.  We  also  found  that  a  Cdk  inhibitor  protein  p27 
is  affected  by  the  activation  of  the  TSC/Rheb/mTOR  signaling  pathway.  Its  translocation  to  the  nucleus  is 
blocked. 

(5)  Novel  mutants  of  mTOR  that  are  constitutive  active  have  been  obtained. 

(6)  We  have  shown  that  the  expression  of  these  mutants  confers  constitutive  activation  of  mTOR  even  in  the 
absence  of  amino  acids. 

(7)  The  activating  mutants  of  mTOR  appears  not  to  affect  mTORC2  activity. 

(8)  The  activating  mutations  do  not  alter  binding  of  mTOR  associated  proteins. 

(9)  The  activating  mTOR  mutations  exert  dominant  effects  over  the  wild  type  protein. 

(10)  The  activated  mTOR  mutants  retain  sensitivity  to  rapamycin. 

(11)  We  have  generated  a  stable  cell  line  expressing  activating  mTOR  mutant. 

Reportable  Outcomes 

(1)  Mice  with  decreased  Rhebl  expression  were  generated. 

(2)  Rheb2  clones  were  generated.  Rheb  disruption  construct  for  targeted  gene  replacement  has  been  made. 

(3)  Rheb2  specific  antibody  was  generated. 

(4)  Constitutive  active  mutants  of  mTOR  have  been  generated.  These  will  provide  valuable  reagents  for  the 
study  of  the  Tsc/Rheb/mTOR  signaling. 

(5)  A  stable  cell  line  expressing  activating  mTOR  mutant  has  been  generated. 
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Miyamoto,  S.  (2007)  Cell  cycle  regulation  by  the  TSC/Rheb/mTOR  pathway.  Master  thesis,  Dept,  of  Microbio., 
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Rheb  GTPase.  Proceedings  American  Association  for  Cancer  Research,  Volume  46,  Abstract  #5434 
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Tamanoi,  F.  (2006)  FASEB  Summer  Conference  on  Regulation  and  Function  of  Small  GTPases,  Vermont. 
Tamanoi,  F.  (2006)  The  LAM  Foundation  Research  Conference,  Cincinnati,  OH. 


Conclusions 

We  have  accomplished  most  of  the  task  that  was  outlined  in  the  Statement  of  Work.  They  include  the  following 
points. 

1.  Mice  with  decreased  Rhebl  expression  were  generated. 

2.  Mouse  Rheb2  specific  antibody  was  generated. 

3.  Tissue  specific  expression  of  Rheb2  was  observed. 

4.  Elucidation  of  the  effects  of  the  activation  of  the  TSC/Rheb/mTOR  signaling  on  cell  cycle 
progression. 

5.  Established  the  significance  of  p27  in  the  cell  cycle  effects  of  the  TSC/Rheb/mTOR  signaling. 

6.  Identified  novel  activating  mutations  of  mTOR. 

7.  The  activating  mutations  confer  amino  acid  independent  activation  of  mTOR. 

8.  The  activating  mutations  exert  dominant  effects. 

9.  The  activated  mutants  retain  rapamycin  sensitivity. 

10.  Stable  cell  line  expressing  activated  mTOR  mutant  was  produced. 

These  studies  should  provide  important  insights  into  understanding  the  consequences  of  altering  the 
TSC/Rheb/mTOR  signaling. 
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lEnpi'jiMi  r.  Flinch  Fwiin  n  >jiih  U*.-huu  -il  13  Qtai  Crr#n 

JLimmi-,  TH1  hcntaid 

•rc  wfiam  irm cxr«fc«-:ii  ife-iihdtB-  kUiikIx  tiii'mmrf  biiidsatew.  kin> 
rc44^,.jnjHiL:ibi  £hw»:i.  IGX  M-ab-:ibi  Smren  tukiK^H  CkwUt  t  Yow] 
Cil'+Csi,  L 31  4kMi  -l  liil  SMI  lamawretia  BilMii 

ITti  anjdi  eetoibj  ii^pni]  kik-nwBTi  -idH  n  vw-pnd  cnA^.'isriqnhUr 

WKWaiCQ 

Tlw  Hue  ra  lit;  a  If  fit  ci!  karcei  al  »*§ 
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nj  I.  T-xZf  LS31CT  and  ejiailt  ihaw,  Hhtlk-rJipmdmi-jrw.Th  nd  dabfad  iVu-id*i  acaivailoft  ra c-nj ■ .  IAI  hnhi  Eairytigu/ld.'ypa  ioij'"  UUf  I iFSl 
m  +11  KTTtvmd  nLxmn  IwJ-1"0,  IJUptSHi  and  tM-J™K(IUp.l2i*  wii  ii-iaial  nil  uk  UHH  -  At  fdiiba  w  EMM  -  AL  -  r  DA.  plain  md  U 

SQ'C  [HM.  erikibvjh  nhtmJ  irwdkin.  Ifl  IUp  IJ-M  had-l.  JUpUSDfeiJi uoV,  Md  i-Jp  I J-S2  Iti.^-ujulw.iit  jisw-n  ti  ml  j.  tea  phaia,v.-milvad  cwk-awl'd-, 


•p  Li  p  k-  w  u  M H rpi i  wtlhlha  prc-Mk  auilkM  l:i  iSiwdd^pB  inh  wain  kri'  is-  udi  Ikiw  p-ahf. 


whht,  and  adjuidd  M  in  Aih  of  1.  Alkficvi  -il  J  j  Iwra  apiniad  (nu  5!A  r-:iAapad  K  SVC  1=i  3  dap,  and  riatiad 

mi  aldcfinwafi  mi  ad,  and  bsdijKwraliJlirraiula.  IC!-.'Up  l.Me V,  A^aUSDGSaiJ11-11^  and  JUpl  9S3  IiwJciji^™“ 
1wi:avrddi  w v c  and  laimp-Duk-J  In  SSL  nadh  I  urplai  ai:a  rtkm  ai  iha  aid-taiad  daiai  and  ynlv.id  '' . 


b-.  ialrv]  Is  viper.  H=ra  ihai  twn 
aiwniDmkddtM  pdiaja.wadiad 
liti  and  cal  -sysla.  Ebdi  p- eft  la 


FUnhermore,  I c-ss  of  Tor2p  function,  lit:  i.h±  led-:  of  RbDLp, 
rrsulis  in  small  rounded  cells  arrest  :C  in  G,  i  45j.  Thus,  ■  is 
likely  ihcii  in  fission  yeasi,  Rhb3p  functions  10  activate  Tor2p. 
ThL  firing  raites  ihe  posjibilhy  ihai  scirminz  muraiiins  in 
Tor2p  (or  aneiber  tlcwnsiream  fBctof;i  can  confer  HhbLp- 
independent  growth  iF:IGi.  To  invexkate  i his  point,  •«-  have 
devised  j  screen  id  idemiCy  y«isi  mm  ms  that  'Lin  pa.row  h  the 
absence  of  Hhhdp  [supporting  informiticH  (S3)  F|p.  G],  A  strain 
fJUpLD50(iw[u  conducted  in  whiththesndogeaousF.'g.r  gene 
■*■"15  d erupted  by  usrg  j  UrJ-  casseite  and  growih  was  rriiin- 
lained  by  using  a  wiln-type  coper  of  rfubi'  -  on  a  ibhia --based 
pasmid.  This  plasmid  can  beloit  by  counterseleciiM  foravcw' 
wiih  3 -f  I  uo  room  lie  acid  (PQA).  lUpdOOO  randomly  was  mu- 
lageniaed  by  meihyi-niiro-niinasoguanidine,  and  minim:  char 
would  growan  media  cr-in  lining  JO  A  (and  hence  in  ilie  absence 
cif iFftij," -  Jw«e  itciaied.  To  deieEiuriiE  whether  the i-(j munition 
hid  cccu  med  in  sa-2,  we  rtkially  sequenced  ihe  emire  ncr.2  OEF. 

ApprccimueLy  5  -■.  3t?  cd  Is  were  mmageniied  md  screened. 
Afier  eliminating  clones  tint  si  i I  maintained  thend",'-  p4  asmid. 
a  single- mutam  strain  was  delated  ihn  was  able  to  grow  rs  the 
absence  of  rtb.'  - .  Sequence  analysis  nf  the  scr2  GET  identified 
a  port  mutation  that  results  n  agluLanate  to  lysine  mutation 
at  position  222L  >  FJjjIF.'i  n  ih:  G-ierminal  half  ci  do-:  Torlp 
Linose  domaio.  To  confirm  thaL  thi:  muiaiioa  could  confer  RIG, 
litis  muiacicnwaj  reimroduoed  into  ihesw-2  Idojs  of  ITiplDSD. 
Thu  :t rain  (JTJpL20Ljwai  abie  loa  now  n  ihe  absence  drV>;  ton 


FQAi,  conf irnting  that  ihL  nmaii'Sii  n  ihe  Tor^‘  binase  domain 
ennfets  activity  indep>endeni  of  Rhblp  (Fig.  Id]. 

Fl'j  MulAits  orT  TorZp  BtllbH-htnuMd  Mating  EITkkrcy.  Beoausu 
lass  of  Tar2p  funcuon  'Lon  biice  mating  fid,  4?i,  *e  asked 
whsther  ihe  Tor:c=  ,k  mutant  would  exhibit  decreased  mating. 
TheTor2t:l:iK  mucsion  was  introduced  into  3  homoclullich™ 
sarain,  and  mathj  efficiency  wws  aise-ssed  by  stainingwit  h  iodine 
that  detects  the  increased  glycoaen  levels  In  sp-ores  As  can  be 
seen  ktFig.  LfJ.we  ohserwed  a  notable- decrease  latbemem  of 
iodbe  stainnp  in  doe  mutant.  Thu,  the  E2^]E  mutation 
appearsco  decrease  mating  efficiency,  consistent  with  act  seti- 
viion  cf  Tor2p. 

AdCationaJ  Tot2  muiacions  (LL31DF,  Y3CW3C,  I2220T,  atad 
UUiK'i  wore  identified  by  screening  for  decreased  mating 
(decreased  iodbe  staining  ■  in  an  h1"’  arain  adter  ra>iomly 
muLaaenizing  the  ene.  These  muLaions  wore  examined  for 
their 'ability  to  confer  RIG.  Fig  \A  sherws  Lhat  th-e  strain 
expressbg  rbe  LD]'2P  mutant  i  JLTpl2T4'i  grew  after  removing 
the  .Ci of"  pi j:-mi>:  by  It  f.  i.-l_-.-ti--ii.  Similar  results  were 
cforairved  Tut  th:  other  Tor2  mums,  fmerestin^y,  when  com¬ 
paring  the  1J ] LuP  mutant  with  the  EZ223K  mutant,  we  noticed 
litre  the  sirab  expressing  the  E222LE  mutant  has  a  greater 
ability  id  suppress  rheF-heLp  requirement  lor  growth  (see  FDA 
pates  in  Fig  L^d>,  w  herca s  the  I LUPF  mm  ant  sshibit :  a  mere 
pronounced  effect  oo  marina  -efficiency  f Fig.  LFt.  Thus,  although 
ECG  aad  decreased  mating  are-  berth  ocrsequencis  of  a  sbgle 


a 


| 


ng  2.  L=:  vtSin  1 1  a-m-aiad  ituiiiIsm  In  Ts:Sp  and  c-:-r*a n1  n S:-T|  -il  rul- 

Iue.LLI  >J  IdansFlad  k-n±,  aibn  rruiiikn  aa  tnkusad  abovi  nba  tnaie 
rapuantvtlwi  eH  T-ir3p.  d Kn  I  and  II  an  tidcnad.  'lei  TOC  prseah 
MifMrMj  him  i m 'jm a c-d-*--j ny:a j  penta  ISpTiit  and  !pT:iSv,  -ratavi'- 
jUa-ltcr-ea  I  in d  !-rT c rj Lipjc-p S-it*  xtTCfj.  and  WmanunTOfllw-B-a  alknad 
wHh  MtqAJip.  Datlduat  tdanskal  -r  linlr  id  Spr-»0  jra  thadad  blub  r-r 
j'B^,  r-^aethily.  Uusaikin  found  In  Sp-Tn-J  a  a  lidkatad  adsevadia  aim- 
"in',  iha  r^TBiH  d-inabi  r-a-] S:-r,  cd  nT'jfl  U  hdkabad  by  ■  Ira  leidai  Hva 
ah ^rvnans  5 n d a  ar-d  doiiila  ananifca  hdtiKaiba  AUFK  and  5tK  pl>:a|diir- 
ylnlen  ihai,  "Etp  acin'e^*. 


lah'dting  mutation  in  Tcr2p,  each  muiaiida  may  affect  these 
two  a 'T re i ties  differently. 

Theie  Ta r2  c □  tut  iut reea nine  an  tarns  eahibk  delastfd  nnrqgeo. 
.aarvaiinn  resperae.  Etecaise  fission  ytaa  celL  re.yctid  to  nitmaen 
izarvatinn  by  arresting  b  G,  os  smoll  rcundedcells  honauxctrofihic 
araka  ^rryina  the  1333DP  or  EZ22LE.  mitaico  were  nhrogen- 
aarssed  b  SlL'medoi  (ih  STMiUffl^Jraid  Wecl>:-ii.s;i1  aad  simples 
were  assessed  fee  cell  she  and  DMA.  coniem  by  FACTS.  The  results 
are  shown  in  Fig.  ]C.  Forwsirt! -stater  analssli  .shows  that  bcthTorS 
muLani:  show  a  dday  b  ibis  charge  in  cersiie  cc-ofoared  wih wild 
hpe  (noiatly  at  LJ  and  a3  hi.  By  30  h,  the  mmsrr  cells  hsse 
decreased  in  jane  simiar  towild-ispe  cells  Acahyiscf  celkjsHe 
profiles  shows  that  the  Tor2  mm  lfiis  are  delayed  ih  the  appear ince 
erf  cells  !:■: cause  more  cels  are  b  G:  or  4  j  b,  whereas  mayority 
cifwild-iype  cells  are  in  G,. 

Hulabcct:  Aj-4  Clasbarad  Malaly  In  (ft*  FAT  aid  Hn osu  Domalis  of 
Tw3p.  The  above  analysis  identified  singe  amino  acid  changes 
loured  b  the  FAT  and  k  base  dcraains,  pointing  to  the-  ripor- 
Lance  cf  these  two  domains.  To  further  mveaigan  the  signifi- 
unce  ..if  these  demains  fat  Toc2p  actwaiicn,  we  streened  far 
addiiiccul  mutations  biheC-terminal  halfofToc^piTheregbn 
cdmiinhg  ether  the  FAT  or  dae  FEE,  kinase,  and  FATC 
demains  oi  the  ntrGgene  in  3Upl(HD  was  randomly  mutaaeniacd, 
and  M  additional  niurnns  that  arhibited  F.1G  were  idkrified. 
Sequence  analysis  oT  ihase  mutants  revealed  37  additional  shale 
mutations  at  33  position:. 

Fig.  11  .summarizes  all  if  the  acihxing  mutations  identified. 
Inenrsiittly,  web:unditui  the  muLaiions  mainly  were  du:tsred 
in  two  reqldnsc  ibe  X-terminal  side  of  the  FAT  domain  (duster 
n  and  the  C-terminal  ponien  of  the  k  base  demain  (cluncr  3T.. 
[n  addition,  there  were  a  few  regbns,  nccatJyar  the  C-rerminal 
regico  of  the  FAT  domain  and  the  M-cemihaJ  rc-iicn  of  the 
kinase  domain,  where  additional  mutxions  were  identified.  Fig. 
IF  shows  secyience  alignments  of  reeiduei  in  which  mutaions 


lllp  IJSI  l'fii'-inStlJ-"*l,  nJ  JtltljjSS  I'nlOi  i:i:-r-UJI'q  wm  lu-adcad  ct, 
-fia  bidkaiadplKU  and  k>:ub*saa  aut-a  nlcKiliaeviaiiu-ai.-lf-Jtk  IMt 
obbri  niJr-“1''  and  JCJptlTe-  L'Ait?4lrcJ-IIIBfl  wit  a  D-araiermad  wtih  a), 
ibw  p-t.tr -I  I  CrJbArh  or  |4trL.5|flhtl  libtr'l,  aid  -infufotmrii  waro 
iMiakad  on»dia  bidkKtd  plaiu  and  Imbatad  at  SPC. 


were  fnund  in  dusters  I  and  IT.  As  can  be  seen,  mcsi  of  the 
mutations  oocur  on  reiidues  that  are  perfectly  ccrccrve d  among 
TOR  proteins  from  different  orerriLm :. 

't  b1  atari1'1  Mutanls  An  Sc-islllvv  ta  ilrtss  C4ndtk>iu.  .analysis  cf 
i5iranhafvhgi  disrupiio-n  nfrKtJ  ondcamyim  a  rceJ-anrvated 
(n>2a=j  mutaicn  revealed  that,  ilthouah  TorJ  muionis  can 
bypass  f-ht-Lp'  requiremeri  for  arowrh  lh^  are  incapable  of 
bypassing  other  Rhb3p  funcrbns  Fie.  14  isows  chat  ther.'JJi 
srains  rftat  are  viafcle  because  of  die  presence  of  ether  the 
or  the  aerJ1-'-1*  mutabn  are  sentitrve  to  high-silt 
aress  (3  M  351CI)  and  higt  tcmperaiure  (i7Tc;L  Thii  sensitivity 
cm  be  revened  by  ibe  introducibn  □f'rM'j  -,  bdicarinq  that 
FJa b 3  p  is  invoked  b  responding  to  these  stre:sv:  in  fission  yeast. 

We  previously  have  shnwn  that  inhibit  ran  of  FhbLp  causes 
fry perseru  ir;i ties  to  teiic  analogues  of  lyjine  i  ihiulysine-'i  and 
irgbin.ei'canavanine’i(2^  40).  In  addition,  Inssof  rjc2  results  in 
restiattes  to  rbialvjine,  caaavanine,  and  c-thiviiine  (the  tail: 
anabi  of  methionme)  (21  22,  2F|.  Ezamnaricn  of  the  F.'jOj'ii, 
J3ajr  audp^p,'  mutants  oenhese  tin  ic  amho  kkJ 

analogs  showed  that  these  double  mutant!,  are  hypersen  sit  rve  to 
ihialysine.  exuvonine,  and  ethionine  tFg.  .E.i  and  data  net 
dsownj.  These  sensitivities  are  reversed  by  refcmiducingrati1- 
inict  iheie  ctlli.  Thus,  RhbLp  is  required  for  ibe  resisiance  ro 
ilreic  amino  acid  analogs,  aid  because-  these  cells  carryaciivaied 
Tor2p,  ihd  resixanc-e  likely  is  independent  of  Tor  dp. 
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Ilq.  +.  rrYT:-|illlJP'iRin{lWl,J,,l».*rFw:.jHi-*uiJriK**fky  W-drWM1 
:Jk  vni  inrufirtad  wkh  pU.'aAS  tae-jH,  AL"  (PUB"  'v,r  EHTA.  r' 
il^wri-armc-Piilii  iw.wMlS31>  ’eM#::-:’'  Iba  f>-:+ph.w>lafi:n  H  KK 
-■  4E-IT  l,  rLAJ4M  v  ruvl  •  «■»<■  l  v,u  sstamhanaJ  "at  I>wt<  «*'. 
ife'i 47  -olbuaU  riTi-iija-  Sard  v.lM'td  ir  rtf  Ic-1  1  h.  tlw  F  -'KM I r  l#,aU  wan 
divaid  t>  wrJJ,;  bit;  ‘t-Tl.  i-.J  Chat'.  mihAu-t  InTC-qt,  .awiH-H 
Biritad;,  Ti k  ‘:jpLrr n,-<  an  -  jn  'w-ab of  JCK,4E4r  I,  arid  ilwai  dwiaraadby 
phift'a-ipEj^  bnicadiu  Ltd  HUMSS.  -milt  wba  h-ari-iEncS  wttl  Au’. 
mr-Jf:  >m,  m  110.,  C.-  L  itew [>L  warain^n-nanul  ca«"^^  rd  '+’!'■■ 
Tura.dv,kh  rm^ln  llC0nlri.HM  iKp-uiKir.aid  f -H up horf kb -m  Iwab 
-t Ttv.  -m  ca>  r-.-r-i  er;  i;h:'":  i-a'driai  v.  i.-.vid  :jt  l 


Aiaktgous  Hutallcns  It  nTQRitor'arNrtilcnt-hihpwidinl  AcllcUy. 
Because  i Lit  mutations  we  i  deri,  ifi  is  ef  occur  mi'slr  on  restaurs 
Him.  ire  rinsemed  b  higher  eukaryotes,  we  uted  whether  'Itev: 
micaii-oiis  -would  confer  coni  inline  inLraiicfi  rf  mTOR.  To 
mmirie  this  puinr,  tnTORLyh?r  ami  mTOR.C3'r:,i.  mui  a  ions 
ihir  correspond  tu  Tbr2*-rtn  andToD^321*.  respectively,  were 
■iimilfTicLcd,  and  ibi  regulation  of  their  aotl-iiES  hy  nuriati 
sianrl:  in  HEK2W  cdU  wru  aise-e-ste!.  C  I'liiiJin  v.n  li  previous 
reports  (07,  4Hy,  mTCiR  activity  as  detected  hy  the  phosphory¬ 
lation  of  bnK.  bn.  or  hRKPi  is  inhibited  when  the  ;tJI’  an- 
scpceed  cm  currhrm-siBrvjii^]  ccnflicicni  (Fig.  -  J-C;.  This 
mhtiinn  ii  CTercvote  Hy  crvtreipnKung  wilirypr  Rhteb  or  a 
Rheb*1-'1*  mutint,  vrthidiiianah'gctu  to  the  hyperactive  ["usion 
veast  Fhbl V,:TT  mutant  that  prwintdy  hs^e  shown  10  be 
highly  bound  hESTF  CFjg.  i.4-C|  1 23,  iOi.’Tbe  an  Nation  seen 
by  wild-r  ypr  Rhfb  is  likely  saribuLdble  to  Rhel-  hang  niflily 
f-Mrr:  IT  >312  Vh-:ll  i  rjIliirlTly  rlJ  I  J0|. 

V'f  il-i=n  rumincd  'hr  mT '  '[■:  mui inis-.  ILLIil :dL  were 
h' jLLtr'.Tf'J  r;iih  cvnsiruojs  ihai  zipressf  J  riih-rr  wid-nypa  or  ibt 
nurhm  mTOR  or  E^L‘KKi  Bni  ihun  siirwif  Tnr 

imriMi  iu  can  bs-fdtn  in  Fip.  j/S.  D.indC,  edit  saptijiing 
mTOF.1  l#lT  an*!  mTOF.S3‘hik  anhibn  hwh  pho^lao^liKin  cf 
;:>L  i  Fl-EJ'J  ,  slid  bb  compared  fill  wiid-ryp^  mT l.iR,  iudiLjh 
ins  rh s  rli?  mTOF.  mucin  12  rru  train  j.niviiT  ihc  cells 

are  suttk:  for  nm  riunn.  I bowsver,  tlnw  mT' JF:  mui  un  rerain 
■sensiiivny  10  khtirion  by  rapamyrti  1  Fir.  4 DX  mTOF.  damn 
i:vl  pJv  fh-:  ri  brKTii  was  u  ;-“‘-io  in  calls  eiprejain^ 

wilfi-iyjie  mT OFi.  mlTOR.1-1'^,  dr  ntTOR1^*  snd  orralti  air h 
ai her  DM50 1  - 1  or rapairaydn  |-iWt founi ihai  boih raTUR 
muLani! -«:re  'crtiii'T  Krapantydn,  umilanowiid-lyiH  m"Dldl. 

CaiisiiiuriYe  Lrnjajj,ioB  ri  itie  mTJR  muran^  iibo  can  bt 
dLunintunymeBsurbi  ji  iIh  Linnae  sccivti^-The  anwiLiesrf 
ihtLwn  mTCiRCf  *tiE  aw  jftdtyuJnp  i-wdineran  MhnEaie 
prcj^nr:  mT ORCI  j  n. i ■-■  ■  y  was  asuybd  by  iiirra  -E-0F1  i,il, 
Hi,  whereaa.  rrlTORd  Tim  aassysd  l^f  iiatrij  All  aa  1  luhnrmt 
prm-an  [53,  Ja).  iJuae  cnmplsnes  wert  Lmmun-pr*c^raitJd 
Jrnm  nuiriani-ninirf  odlt  by  urine  jTfL’J-iapj.eifwiliJ-tyr*  ur 
nu[am  roTOR  and  antritis  iaiessirfSi  Ubi'fFif,  5,-1  y  AciiYiri 


&  d 


np.  S.  Knai  ici Mini  H  mT-f, ,  rra'i-JU  LAI  HEUSC  :i  Ii  ^mlilHri 
wdih  cdX*«A  j  K'n-xl  h  AUl-mlCF:  hw,  CM  iBt,  1  MtOT>  vnn  uran- 
ni '/sri  n-Eri^Tl  i  dMncuiiLra4  ai  rn  4c*  'h.AUI  ■’■■'T  c  r a :■  p a m b r- 
wm  hnul^virpiiiiJwddi  ihi-lli  I  iriDtilif  md-.iid  Ine  Arvil'Hi 
uup  wnh  dt'ISr  ■  «id  Mr  Iri  hJutiid.  Oir-^tafiiwkn  ■:+  ui I n  nnwu 
Jirtoid  tyiui  tf4ii  r.4dril  fd"-^ha-ip«i!^  •r.mrdnL  lisiU  al  jdioj- 

pharylicETi  cHiubrTmEai¥i>n^uaiUiiC€d  nliln-jtoabii  tp,  ailonl-<ur  nd 

-j'tphid.  ■!.  h[ki^s  ;air,  w*-i  =  nlcnd  with  pCDHAS  Ivun-I  c--  .An  ‘ 
mrc-r.  mi,  E-AldK,  «  l  'd(dr)  l-a^nlw  wHh  :ilb  wm  i*T\m- 

ruA^idawMEdil  «^d<U'iridMf'  hn  r E  ■ .  Ad  i  'l tl*?  Lrrrp 'rr«3  ei>-. sswri 
mTuirp-iapiaAEd  wdd|  mii-AiiS  mtlbd).  rl<Wwri  JaCEltdbf  iml- 

r-n  dtiwni  b,.  ^iE>Fk  wrJUbadn.  IC.  1ECS-]  rill  i  Tl'wiiFinad  yriih 
ElAC^tIIOP  sad  JvJI-nTOP  iw,T,  EZaiSK.  -:t  il'Wjw'n  inua'-naivid 
wf"iphi  BfrS^ii^jiad-lv'  h  *a  riT.  atrondmrjvs'imTm.iHr'E^ainad 
by  iarj  etIIALAC  a:  ir‘:dyaidjad  frrvi  rAnr  tirmaa  aiiB.i  VilihAEBN  ■ 
i.br-v  a  r.A C-r."Cr  and  AJI-mT»wn  daiK'  ra  by  amhEiAG  and  uni- 
AU1  «hb^laL  r<¥-i-cih^y.  ' hr^id’ LfU rn  rTaLbimla  wu  dmmd  by 
pjib  ct  ar+H*r^+  s-tE-ari  iTtr  ST,u;i 


iiahc  Ain  as  [he  subsime  vn-;  rill  retained  wrh  wild^ryiic 
m  l  ' :■  I',  b  EIEEI'JJ  Kill  erari  under  dui  rieni-xarYBd  roodiiiuns, 
snd.  tki  ■.■hairp:  b  ihii  anhdiLV  was  observer  when  usiiv  iln 
mutani  mTi_'F..  On  ihe  ocber  hand,  W4  f:un,J  ihai  ibe  mTOF. 
.-■■my-li'K  L-cnintuni  mT'jF.LliT;f'  or  mTC'F1^-^  dhibiidd  sia- 
[rrficaiuLy  hiphtr aaivrywii  h  aE-RF]  ll-  Ibe  iitm  rare  rshiwt  d:i 
irild-rypemlDR.This  anrvtymaoanliniiedtd  be  anribuiable 
10  mfC'HiO,  heciswe  in  Jb  hbd  Ichne  asjny  nibi.  mTOF. O 
in-fliurBpnsripiiaHd  wnh  irai-Fiftor  aniibDdyfewed-  •  tniiar 
resuhs  (SI  Fig,  71. These  resuhs  uecunusiHX  lyikh  our  bi  ■  •■ 

filldlllLV. 

nT0flLI**  aid  nTOP11"1  Mibsnts  Can  Fwn  mTOflCI  nd  imORCJ 
ConpkMS  and  an  **.  tfrv  Hatarodlncr  with  Mlld-Typ&  inTOfl.  We 
ni- 11  tdieihtr  chare  were  any  Jlie-roncn ■.  in  Ihe  ibiliiy  of  ihe 
chTiDr.  mm  nil’  cofum  mTORCL  nndmTOElCT.  Fy  using  ihe 
Ain  Inc  on  cha  iscprrfst^  mTOR,  mTOR  cumpInKS  w=r 
immunoprecipirai-ed  [r-rm  RJiKTrJl.  cdla  under  nmrieni- 
lanoiiun  oandhlcns,  and  le^el  '  or  Kapur  fmTORCII  Kbur 
l_mTijRjc;i,  and  mL-sTd  infTCfKCI  and  mTOKO^l  «se  ad- 
aessed  |i:ii;.  ' Si.  w.'e  bound,  ibai  die  mTOR  mneuxs  were  able  co 
bnd  limilar  inicumsof  ilaese  mTGBICL  and  fflTC<RC2  ocmpc-=. 
nenrj  jj  was  v-  i-i-Lypi  mTOK. 

D  Im;  i.-dsn  neponedcha  mTi-lRdimeriiesvis  hi  b-'-Lerminnl 
[4XAT d-^nairis  jt  ibai  ihe  dimeric  mTOFCL  is  i  he  major  form 
Mix  respuials  i  o  inpji  b  3R1.  Becan  :e  our  mucuJons  ire  m 
ko-LueJ  c  che  HEAT  damabr,  ir  is  liLely  iha  wilikype  and 
nucini  mTOE:  wr.jld  Eomi  a  heierodriErt  comples.  To  itu. 
wbeibtr  ihik  hserrdimer  iisfcra  cocinituiive  iriraiinn  of 
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mTOF  funo  ir-n  we  corapeased  FLAG-cagped  wid-iype  and 
AUlrCaaped  wild-typ:  or  mutani  mTOR  proieins  b  HEKTd? 
cdla.  The  cells  -were  ataryed  fcr  nucrienL;,  and  [he  oomphaes 
were  isolated  by  immunfQprecprxmn  using  ui-JLAG  ami- 
body.  We  bound  arniar  amounis  cf  AUL -tagged  wild-type- 
mTOF  and  ihe  AUl-iagied  mutani  mTOR  in  [he  immune 
complex,  indicating  ilin  mutani  mTOF  was  able  co  form  a 
hecerndimer  wrh  wild-type  mTOR  (F|g.  5Ck  Fmrhemiore, 
when  iheie  complexes  were  assayed  far  actFiry  by  uring  dE-EP] 
as  a  substrate,  we  found  ihai,  aJihcugh  che  wild-type.wild-crpe 
diners  were  inaaise,  ihe  wild-type, 'mutani  heierodmers  eabb- 
iiedJk  i.Vr  ■  kina.SE  acthicy  iTig.  'O. 

Discussinn 

Accumulating  evidence  in  fissicayeasi  presides  strongs  upborn 
fnt  the  idea’ihai  EtfabLp  is  an  acthatar  of  Tnr^p.  We  harre 
repnned  ihai  RtfcLp  Etaodates  wiih  Tnr^[2J^.  We  and  odsers 
aJsc  recently  have  sh-a-wn  ihai,  in  fission  yeast.  Tor^poompieses 
with  Miplpfih!  fission  yeasi  Raptor  homolugl,  lit-Hy  forming  a 
SpTQFCl  [Sd.dsy.  Flinhermere,  jdmitiingdcwnTofipr«ulij  in 
^nall  rounded  cells  arrexed  in  G„  rent  biscent  of  inhibiting 
Rhblp  f£d,  45).  in  sddiiinn,  inhibiiion  ofTnrjp.  b  homochaJiic 
cella  radioes  mxing  and  ocxual  derdopmem  dSJ.Hbw,  we 
ti.T  ihai,  opposite  io  inhibiting  Tot  jp’  fiitaciinn,  an  actisaiing 
mutation  bTor^poan  confer  FIG,  delayed  respxue  to  n  rrogen 
.mr-'aiion,  and  decreased  se anal  deyefopment. 

TTib  report  prorides  evidence  for  a  large  number  of  sbgle 
amino  acid  chiiges  ihai  cotafer  cacutinn  rre  act  barion  ofTor2p. 
[m perianth,  many  of  iheie  muiaiicns  ooairin  reiidues  chat  are 
highly  conserved  m  TOR  proteins,  and  mTOF  carrying  analo¬ 
gous  nutations  eatibic  nucri:m-indep4ndetx  mTOFCl  anru- 
imn.  An  ndcbg  finding  of  our  study  is  ihai  ihe  activaiing 
mutations  are  dustered  whhin  two  domain!  of  TOR  the  N- 
lemibaJ  region  of  ibe  FAT  domain  fclusitr  ])  atad  the  C- 
leimnal  regnon  of  the  tinase  domain  i.  luier]]!.  [meresiin^y, 
ihecluxerm  the  tinase  domain  isjuatadjacen  in  ihe  represser 
domain  [7130-^450  of  mTOR  Fig  2JT);  deletbn  of  this  region 
results  b  activation  of  mTOR  i']v,  tb;i.  Indeed,  ihe  analogous 
peuition  (5d3]  of  mTDFj  fet  ode  of  ibe  actrexedfissbn  yeait 
Tot 2  mucirt*  I2233H,  is  found  juit  inside  ibis  repteiMt 
domain.  This  close  proximity  of  the  repressor  domain  to  duster 
□  possibly  bdicat.es  that  ih:se  mmaiicnsmay  actrexe  mTOR  via 
a  simibr  mechanism.  The  deletion  of  ihe  reprssor  domain 
initially  was  thought  to  anrrme  mTOR,  in  pen  by  remnvbg  an 
Ab  phcephorylaiion  she  (S2A4B;  Fig.  2Fi;  however,  mutating 
this  sne.whidh  laier  wassho-x-n  lobe  an  SfiRpbcuphorybcioD  site 
Ml,  43],  io  alanine  does  not  stpaificanily  alter  mTOF.  activhy 
GS'l  Furthermore,  muiaibg  ibe  aMPK  pho^pborylxion  site 
IJ2ide;  Fig  -B'i  to  alan  be  did  not  alter  mTOR  activny  [3S,  ilj. 
These  phosphorylaiion  rites  alio  are  not  conserved  in  fissbn 
ytasi  Tot2p.  Ferlups.  this  region  is  bvohed  in  interacting  with 
an  unltno-Ah  inhibknryfacior.  In  addh  ion  loduser  □,  mutxicns 
were  found  in  the  ^-terminal  region  of  ihe  tinase  domain, 
[rx-erertingly,  Edoeb  i:  repuned  to  interact  with  the  N-terminal 
half  of  ihe  mTOR  It  base  do  main  i'Jv'l  [t  is  possible  ihai  these 
mucaiion5  in  che  Icinase  dnmab  mimic  the  effects  of  Rheb 
bbdbg,  which  may  interfere  wiih  ibis  inhibitory  factor.  Flsnher 
Hcperimens  are  heeded  io  address  ibe  consequences  of  these 
mutations.  Arecen  repon  b  budding  yeast  idefrifiedmuixi-ans 
in  the  FRE  that  eahibi  increased  association  wiih  EIOGlp 
thudding  yean  Efaptor  bcmologj  and  increased  aciiviy  in  Jtor- 
ctanoBUkcw  :trt--irk3t  TORLp  (S5J.  Ahhough  ihe  FFB  region 
was  induded  b  our  muiagenesi:,  we  did  nm  identify  try 
activaiing  mutation  in  this  region. 

Tbe  acthatbn  nf  Tct  jpi  results  in  a  delay  b  the  nhrocen- 
xarsaiion  response.  However,  ibis  response  is  not  a  complete 
bloct  Fiiithermore,  we  find  thairJi-j'l  wr 2^  arainsalso  are 
able  id  respond  to  nitrogen  ecarvarion  xad  undergo  leaual 


diff  er ervix ion  [5]  Fig.  Ri  Theobservat  ion  ihai  these  .trains  still 
are  able  to  responc.  io  nitrogen  starvation  in  the  absence  of 
Rhblp  raises  the  possibility  [Fix  Tctip  also  is  negulaied  hy  an 
Khb  jji-hdependeni  median  urn.  Fliither  xiafysis  nf  pflbj’i 
101-2“  cells  also  revealed  possible  invcJvemem  of  Rhbl  p  in  xress 
respxHd.  These  mutants  are  sensiive  to  stresses  such  as  Mich  salt 
TL  M  ElCl'i  and  high  temp-eratures  ( 1-7’Ci.  Although  ihe  rneett- 
an  isms  for  these  fhenctypes  need  fun  her  rwest|gaiian,  it  is  of 
imeresiconote  lhxtcwi  mutants  afsoochibii  ihesepfienoiypes. 
Another  phenotype  of  thtF.'J'j'i  sorJ^1  mmancs  is  that  they  art 
bypeisensihe  to  toxic  amino  acids  analogs  It  is  possible' that 
these  sensiiiviiies  are  a  result  of  increased  amino  acid  uptake 
because  we  previously  have  shown  that  decreases  in  Rhblp 
function  lead  co  boreased  uptake  of  argbine  and  bypersen!i- 
twiiy  id  exaavanine  (45). 

We  haw  succeeded  in  idemifying  mTOR  mmami  chat  are 
active  independem  of  nuiriems.  These  mutars  prnvidevaluable 
reagents  no  blither  eaamine  the  hidcgical  consequences  of 
mTOF  actrsatbn.  By  introducing  these  mutant:  in  HEF2di 
cells,  we  have  shown  thx  th ej  confer  nutrient-independent 
mTOF  Cl  sicnaling  Addiional  experinems  may  shed  I  isfi  onto 
ihe  rale  of  mTOF.  anivaiinn  in  grirwtb  Dxrodicing  these 
mutamsin  HI-.K29.'>aswdl  asoiherumrxisformMcell  lines  also 
may  proA'ide  bsighi  imo  mTOR  acthaiion  in  iiansrormxion. 
[rrsesiigxing  mTOF  activation  b  whole  animals  also  is  of 
i mpo ri xice.  These  muiams  can  be  introduced  into  mioe,  and 
sudo  animals  can  be  studied  further  for  roles  of  mTOF  in 
development  as  well  as  propensity  for  tumors. 

Activation  of  the  mTOR  pathway  ha.s  been  mplkated  in  a 
nunbrr  or  human  diseases  aisociaied  wiih  benign  tumors,  such 
as  hamattomas  [561.  Our  demon  si  ration  thx  mTOR  can  be 
anivaied  by  single-  amho  add  dianges  raLss  an  interesting 
poisibilhy  that  mTOR  mutaticni  may  be  found  in  tumor  sam- 
pes.  This  idea  is  supponed  funher  hy  nur  finding  that  our 
mutani  triTOR  is  aciree  even  when  in  a  heierodimer  wih  the 
wild-type  proieb.  Because  ourxudy  pointi  in  two  hot  spots  in 
theTORproiein,  searches  for  mTORmutaxs  ma;n  be  focused 
aa  these  two  region:.  The  results  obtained  frail  these  studies 
daculd  have  sign  i  lie  ax  ntpibitioa  for  our  understanding  of 
hunan  diseases’  arising  Trent  ihe  aciivacicn  of  the  TSC/Rheby1 
mTOF  si^taJing  pathway. 

Matorieh  and  Mothods 

Semm  for  RIGs  snd  Activated  To  rip  «0  scaha  The  scheme  for  the 
RCi-screen  isisowta  in  Fig  I .  njpLQJD  si  rain  [3  ■:  ]</  cellsj  was 
mutagenixed  wih  methrel-nitro-niirosoguanidine  [Signa,  St. 
lou  u-,  MOI  and  tecos-ered  in  rida  yeast  extract  with  suppfemerxs 
IV ESI  media  ovetnighr.  Cells  then  were  plated  onraEdbtuigh 
mbimaJ  medium  aipplerntnedwithaJen  be  (225  rngjli,  leucine 
i'225  ma'lj.  uradl  (S3  m^lj.  and  FOA  (]  gjl).  Ffaies  were 
replica-piaied  otaoe  io  eliminate  background. 'of  ^JiDKi  colo¬ 
nies,  24]  cl  ones -were  iso  La  red  xad  tesirf  for  absence  ofrilW"  by 
colony  FCR  Cne  done  was  isolaied  ihai  had  lost  the  Htbi' ' 
plasmid. 

Si'«s  cs-rts-U  ,iwta  stibsy  Random  mma- 

rions  were  introduced  imo  ihe  sei-2  gene  ty  PCF  (JTi  linear 
DNA  fragments  carrybg  mutagen  it-etl  ajrJ  alleles  were  trxa- 
fnrmed  imoJV530y  a  homothaJlfcstrain  nwhich  the  endogenous 
.■It.’  gene  is  dismpted  with  a  kan1  cassette  and  whose  g  rowth  is 
mainuined  by  a  multicopy  plasmid  pFEFrj4or2.  To  obtain 
integrants  of  functional  n>2  allele:,  trxisformants  that  were 
reiiaant  to  FDA  (bdiouing  loss  of  nni-v  "-based  pREP42-tor2'i 
and  JtiaH  were  screened  at  2tS"C.  From  a  n.v2  mutant  library 
thus  constructed  we  screened  for  sterile  denes;  each  strait  was 
grown  to  a  cobny  on  55A  plate  (see  .TJAfuncn^L  mtJ  .(Jei'jidsj 
and  xain»i  with  todinevapora  her  incubation  for  4  cays  at  ICC. 
LTrcabed  colon  iesavere  isolated  and  examined  mkrbsco  pic  ally 
fnr  Jtecilhy. 
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S-i'mh  Ifer  rtiXtoa)  FAT  .fktHfr  Additional  FAT  and 

binra  domain  mutai  ions  we re  idem  ified  by  *rreening  I  ibraries 
based  on  pUG&-ior2-CTL  in  which  the  re^icci  ECdainqg  the 
FAT  dmnain  nr  ibc  FF_B,  bina*e,  and  FATC  domain*  were 
randcmiy  muugeeiied  by  using  the  GeneMorph  □  F'.amom 
Mu  las^&ssis  Kit  i  [Strata*  snc,  La  Jolla,  CAj.  Ths  libra  riss  were 
digested  whb  lamHC,  and  ihe  linearized  plasmids  were  inte¬ 
grated  cxo  JUpIMD.  The  resulikrz  inn:  Tor  mam :  bn  Lilly 
were  selected  cti  olaies  containing  'ii-La  r 2 <:> u  ug.  l  i  for  inte¬ 
gral  ian  of  pfismid  and  iben  on  FOA  tor  ihe  R[Q  phenmype 
as  before.  Then,  B.^OO  and  ]  2,000  ini  s grant 5  were  greened 
from  the  FAT  domain  library  and  the  FRE-t  rose -FATC 
domain  Ibrary,  req>Kiively.  In  baib  case*,  17  dooes  were 
tsobred.  The’ regions  ihai  were  muugeniied  were  FCR- 
jmpl ified  from  .genomic  preps  and  sequeoced  to  i identify  the 
muiations. 

Mamnalai  Call  Culture  and  Transit:  dm.  HEE123J  ceils  were 
cultured  in  DMEM  supplememed  wch  LD?fc  FJS  and  penkil- 
lin.'sirepiomyirb  at  J7'C  and  5%  OOt  Tramfecikos  were 
performed  by  uaing  Fnlyfect  (Qiagen,  Valencia,  CA)  accord¬ 
ing  to  the  manufaciu  rer's  ittarunion*.  To  asses*  ibe  aci  rt  by  of 
mTCiR  muiants,  cells  were  j  erum-siarved  in  DMEM  suppls- 
meniedwiih  d.L!*  BSAos'emighiand  iben  cultured  in  FES  for 
]  b.  Foe  rapamyrb  ireatmeni.’cdls  were  1  real ed  wiih  LDP  nM 
rapamycin  for  1  h  after  serum  51  arvaiion.  These  cells  were 
lysed,  and  proteins  were  uialyxed  by  Western  tJ on  ing  analysis. 
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hiruiaprulpllatJHi  snd  *.  HItd  KIism  Assy.  Cells  were  lysed 
whb  buiter  A  |20  mSI  Tris-HCl  J>H  7.3J,  ]3D  mM  ^'jCI,  0.3® 
CHATS,  ]  nil  M^Cli  and  ]  nM  EDTA|.  The  «jf>:rnai:uu 
fr«n  ihe  o:m  riTupjcion  ai  20DD0  x  g  for  ]  S  min  was  ir>:uhst«d 
wiihJiui-AVL  amibody  rcevanee,  BsrLeln',  CA)  jnd  protein 
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Cellular  and  Molecular  Biology  67:  Cell  Cycle  Control  and  Cancer  3 
The  regulation  of  cell  cycle  progression  by  Tsc  and  Rheb  GTPase 

Susie  M.  Miyamoto,  Juran  Kato-Stankiewicz,  Chen  Jiang,  Chia-Ling  Gau,  Lea  Guo  and  Fuyuhiko  Tamanoi 
UCLA,  Los  Angeles,  CA 

Tsc  and  Rheb  are  two  important  players  of  the  PI3K/AKT/TSC/mTOR  signaling  pathway  that  has  been  shown 
to  regulate  cell  cycle  progression  in  addition  to  other  cellular  processes  including  proliferation,  tumorigenesis, 
angiogenesis,  differentiation,  and  anti-apoptosis.  Tscl  and  Tsc2  form  a  complex  that  functions  as  a  GTPase 
activating  protein  (GAP)  for  Rheb.  Mutations  in  the  Tscl  or  Tsc2  genes  have  been  implicated  in  tuberous 
sclerosis,  a  genetic  disorder  marked  by  the  appearance  of  benign  tumors  called  hamartomas  in  multiple  organs. 
Previously  we  used  Tsc2~/~  MEFs  as  a  model  to  investigate  the  function  of  the  TSC/Rheb/mTOR  pathway.  We 
have  shown  that  Tsc2'/~  MEFs  escape  cell  cycle  arrest  in  G0/G1  at  high  confluency  and  in  serum-starved 
conditions  (Gau  et  al.,  AACR  meeting,  2004).  However,  the  mechanism  of  how  TSC/Rheb/mTOR  induces  cell 
cycle  progression  is  not  known.  Our  analysis  of  in  vitro  kinase  assays  revealed  that  CDK2  kinase  activity  is 
significantly  increased  in  Tsc2-xm\\  MEFs.  We  have  also  examined  expression  levels  of  various  cyclins,  CDKs, 
andCDK  inhibitors.  No  significant  differences  in  the  level  of  expression  of  CDK2,  p27,  and  p21  were  detected 
between  Tsc2+/+  and  Tscl1'  MEFs.  However,  we  did  observe  a  difference  in  the  cellular  localization  of  p27 
between  the  two  cells.  Biochemical  fractionation  experiments  showed  that  p27  is  localized  in  both  cytoplasmic 
and  nuclear  fractions  in  Tsc2+/+  MEFs.  In  contrast,  p27  was  localized  only  in  the  cytoplasmic  fraction  in  Tsc2" 
MEFs.  There  is  no  change  in  the  localization  of  p2 1 .  This  lack  of  nuclear  localization  of  p27  may  explain  the 
increased  activity  of  CDK2  in  Tscl''  MEFs.  It  is  interesting  to  point  out  that  cytoplasmic  translocation  of  p27 
has  been  detected  in  a  number  of  cancer  cells.  In  addition,  cytoplasmic  translocation  of  p27  has  been  detected  in 
breast  cancer  and  HEK293T  cells  upon  Akt  activation.  Furthermore,  TSC2  was  found  to  bind  p27  to  protect  it 
from  proteasomal  degradation.  Rheb  is  clearly  implicated  in  cell  cycle  progression,  as  overexpression  of  Rheb  in 
HEK293  cells  promoted  an  S  phase  progression.  Since  the  Tscl/Tsc2  complex  negatively  regulates  Rheb,  a 
question  arises  regarding  the  role  of  Rheb  in  cell  cycle  progression.  Further  analysis  of  how  Rheb  regulates 
Gl/S  cell  cycle  associated  proteins  will  be  discussed.  These  results  provide  insight  into  how  Tsc  and  Rheb  are 
involved  in  the  regulation  of  cell  cycle  progression.  This  also  implicates  the  possibility  of  taking  advantage  of 
drugs  such  as  famesyltransferase  inhibitors  that  target  Rheb  to  influence  cell  cycle  progression. 
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